T HE LONG QT SYNDROME (LQTS) is an inherited disease predisposing to cardiac arrhythmias and sudden death in young individuals. Two phenotypic variants have been described: the autosomal dominant Romano-Ward syndrome and the autosomal recessive Jervell and Lange-Nielsen syndrome. [1] [2] [3] [4] More recently, 2 additional uncommon variants presenting with prolonged QT interval and extracardiac manifestations were reported. 5, 6 Six genes are known to cause Romano-Ward syndrome: 5 encoding for subunits of cardiac ion channels (KCNQ1, KCNH2, SCN5A, KCNE1, KCNE2) 7 and 1 (ANK2) encoding for cardiac ankyrin, a structural protein that anchors ion channels to the cell membrane. The latter form of LQTS is extremely rare and very few carriers of mutations in the ANK2 gene have been described. 8 The terms LQT1 through LQT6 describe patients affected by each genetic variant of Romano-Ward syndrome. The clinical value of genetic testing has been demonstrated by the evidence that carriers of LQTS mutations lacking QT interval prolongation, who therefore escape clinical diagnosis, have a 10% risk of major cardiac events by age 40 years when left untreated. 9 Furthermore, locus-specific algorithms for risk stratification and management of patients with LQTS have been proposed and should be applied in clinical management. [9] [10] [11] We report herein results of systematic screening of one of the largest group of consecutively genotyped patients and we (1) define the yield of genetic testing in patients with Romano-Ward synFor editorial comment see p 3027. drome, (2) define the type and the prevalence of mutations, and (3) propose a novel and efficient 3-tier strategy designed to facilitate access to genotyping.
METHODS

Study Population
The study population includes 430 LQTS probands (97% white) with Romano Ward syndrome and 1115 family members consecutively referred to the Molecular Cardiology Laboratories of the Maugeri Foundation between June 1, 1996, and May 30, 2004, for genetic testing of Romano-Ward syndrome. We conducted LQTS testing when QT interval prolongation appeared with or without QT morphological abnormalities, borderline QT interval was associated with LQTS-related repolarization abnormalities (notches/biphasic T wave in Ͼ2 leads, or flat T wave), syncope was associated with overt or borderline QT interval prolongation, a family had a history of LQTS in sudden death family members, and documented polymorphic ventricular tachycardia (torsade de pointes) was associated with QT prolongation.
Clinical data and corrected QT (QTc, Bazett's formula) measurements were obtained by observers who were blinded to genetic status. For each individual the electrocardiograph recorded at the first contact was used for the measurement of QT duration and QTc penetrance. In probands, we also assessed the recurrence of nonprivate mutations.
A validation cohort of 75 white probands consecutively genotyped between July 2004 and January 2005 was used to test the predicted occurrence of the nonprivate mutations identified in the study population and to confirm the validity the proposed genotyping strategy.
The study was approved by the institutional review board of the Maugeri Foundation, and written informed consent was obtained in accordance with institutional review board guidelines from all individuals enrolled in the study.
Genetic Analysis
Molecular analysis was performed on genomic DNA extracted from peripheral blood lymphocytes using standards methods. Coding regions of KCNQ1, KCNH2, SCN5A, KCNE1, and KCNE2 were amplified by polymerase chain reaction using exon-flanking intronic primers. Amplicons were analyzed at least at 2 temperatures based on the melting profile by denaturating highperformance liquid chromatography (WAVE, Transgenomics, Omaha, Neb). DNA sequencing (310 Automated Genetic Analyzer, Applied Biosystems, Foster City, Calif) either directly or after cloning of the polymerase chain reaction product into a plasmid vector (Topo cloning, Invitrogen, Carlsbad, Calif) was performed whenever an abnormal chromatogram was identified. A mutation was defined as a DNA change that altered the encoded protein and that was not present in any of 400 control individuals (800 chromosomes). Mutations were annotated using singleletter amino acid code and using the recommended nomenclature.
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Statistical Analysis
The Kolmogorov-Smirnov test was used to assess the normal distribution of variables. Parametric tests were used to compare normally distributed variables (unpaired t test and analysis of variance with Bonferroni correction for multiple comparisons). As expected, the QTc was not normally distributed; therefore, nonparametric tests (Kruskal-Wallis and Mann-Whitney) were used to assess statistical significance. Data for continuous variables are presented as mean (SD) or median and interquartile range (IQR), as appropriate. Statistical analysis was performed using the SPSS statistical package (version 12.01, SPSS Inc, Chicago, Ill) with a 2-sided level of statistical significance Ͻ.05.
Definitions
Proband is the first individual meeting the clinical diagnostic criteria for LQTS. Genetically affected are carriers of DNA mutations in LQTS-related genes. Silent carriers are genetically affected individuals with a normal QTc duration (QTc Յ440 milliseconds in men and QTc Յ460 milliseconds in women). QTc-penetrance is the percentage of genetically affected individuals with a prolonged QTc.
RESULTS
Among the 430 probands, 310 (72%) were identified as carriers of an LQTScausing mutation. Genetic analysis was performed in 1115 family members of the 310 genotyped probands. Of the probands family members, 521 were genetically affected and 594 were nonaffected. Overall, we report on 831 genetically affected probands and their family members and 594 nonaffected family members.
Two hundred ninety-six probands were heterozygous carriers of a single mutation while 14 (4.5%) were carriers of multiple genetic defects. 13, 14 Twelve probands were compound heterozygous of 2 (n = 11) or 3 (n = 1) mutations, while 2 probands were homozygous Romano-Ward syndrome patients. 15 Among the 296 probands with a single genetic defect, mutations on the KCNQ1 gene were most prevalent in 144 (49%) of probands, followed by 115 (39%) of probands with mutations in the KCNH2, 30 (10%) in the SCN5A, 5 (1.7%) in the KCNE1, 2 (0.7%) in the KCNE2 genes. Overall, mutations on the KCNQ1 and KCNH2 genes accounted for 88% of the successfully genotyped LQTS probands. DNA of both parents of genotyped probands was available for genetic analysis in 247 cases. In this subgroup, only 29 patients (12%) did not inherit the mutation and were therefore considered sporadic cases. Since paternity analysis was not part of our study protocol, we cannot exclude that the number of true sporadic cases is even lower than the observed 12%. This number therefore represents the upper limit of the frequency of new mutations in our population.
Mutations Identified in LQTS Probands
Overall, we identified 235 different types of mutations in the probands. One GENETIC TESTING FOR LONG QT SYNDROME hundred 138 (59%) of these mutations-56 KCNQ1, 65 KCNH2, 13 SCN5A, 2 KCNE1,2 KCNE2-were never reported previously (eTable). Missense mutations accounted for 170 (72%) of 235 of the genetic defects while the remaining 28% included 33 (14.1%) small intragenic deletions, 6 (2.7%) splice errors, 12 (5.1%) nonsense mutations, 11 (4.7%) insertions, and 3 (1.4%) duplications or insertion and deletions.
We evaluated the distribution of mutations in different regions of the proteins encoded by LQTS related genes. N-terminus, transmembrane domains, pore region, and C-terminus were defined according to genomic structure of genes and based on previously published reports. [16] [17] [18] Of the 325 mutations identified in the 310 probands, (296 in heterozygous carriers and 29 in the 14 probands with multiple mutations), 208 mutations (64%) were found in the pore region or in the transmembrane domains while 90 mutations (28%) were in the C-terminal regions, and 26 mutations (8%) in the N-terminal regions. Amino-terminal mutations were rare among KCNQ1 (n = 4) and absent among SCN5A, KCNE1, and KCNE2 while they represented 123 (18%) of 123 of mutations in KCNH2 patients.
QTc Duration and QTc Penetrance by Genotype
The mean (SD) QTc among genetically affected individuals was 474 (46) 
Derivation and Validation of Prevalent Mutations in LQTS
We tested the hypothesis that a limited number of nonprivate mutations could be present in a high percentage of patients, by assessing the proportion of probands having mutations in "repeated codons" (ie, those causing the LQTS phenotype in Ն2 cases within our cohort). Thus, we considered as repeated codons all the different amino acidic permutations found at the same position. This analysis returned 180 (58%) of 310 probands who could be successfully genotyped on 64 repeated codon (Table 1 ): 31 on KCNQ1 (100 probands), 25 on KCNH2 (59 probands), and 8 on SCN5A (21 probands).
We validated this observation by quantifying the percentage of patients who could have been identified on the 64-condon set among previously published series of genotyped LQTS patients 16, 19 and in a prospective cohort of 75 LQTS probands genotyped at our The percentage of individuals for each 20-millisecond cluster of corrected QT duration in the 2 groups of genetically affected (n = 817) and nongenetically affected individuals (n = 521). Numbers on the x-axis represent the cluster upper limit. 
COMMENT
The availability of clinical studies on a large series of genotyped patients with LQTS has highlighted major locus specific differences in the prognosis 9 and in the response to therapy 10, 11 and has shown that carriers of LQTS mutations with a normal QTc who cannot be identified by clinical evaluation have a 10% probability of cardiac events by age 40 years if they are not appropriately treated. 9 These data provide a rational for moving genetic analysis from research to diagnostic laboratories and highlight the need for defining optimal screening strategies to make genetic analysis clinically available, efficient, and potentially affordable. Data from the present study provide further support for expanded indications for genetic screening and point to a novel 3-tier approach that may be applied in clinical practice.
Yield of Genetic Analysis in LQTS
The clinical value of molecular screening is influenced by the percentage of successfully genotyped individuals. Our data show that 70% of Romano-Ward probands can be successfully genotyped by standard methods based on the current knowledge about the molecular substrate of LQTS. This number, obtained in a population of consecutively genotyped patients, is high enough to support the introduction of genotyping into clinical medicine. The broad experience collected by several centers that have genotyped a large number of patients with different ethnic backgrounds has made it possible to create an online repository of mutations associated with LQTS (Gene Connection for the Heart, available at http://pc4.fsm.it:81/cardmoc) so that by listing previously published mutations and their functional characterization provides a valuable tool for providing genetic counseling to patients with LQTS. Results from this study (eTable; available online at www.jama .com) will add another 138 novel mutations to that database.
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*Nonprivate codons represent those that harbor mutations occuring more than once in the long QT population.
our patients are white, the results presented in this study should only apply to this population and the applicability of our findings to other ethnic groups will have to be investigated.
Need for Genetic Analysis in LQTS
Data provided in the present study highlight the limitation of clinical diagnosis of LQTS showing that incomplete QTc penetrance severely hampers the reliability of clinical diagnosis of the disease. We have shown that by using the sex-based cutoff values for QTc, 40% of affected individuals (ie, carriers of a genetic defect) among family members cannot be identified by clinical assessment. This is concerning because, based on prior evidence, they may have as much as a 10% risk of experiencing a major cardiac event by age 40 years. 9 The consequences of missing the LQTS diagnosis in a genetically affected individual with a normal QTc are relevant because such a patient will not receive ␤-blockers; will not be aware of the risk of transmitting LQTS to offspring; and will not be informed about avoiding environmental risk factors, such as QT prolonging drugs, strenuous physical exercise, and extreme psychological stress.
Another important finding of the present study is the demonstration that contrary to common perception, no more than 12% of the genotyped probands harbor a de novo mutation; therefore, at least 88% of probands have inherited the disease, suggesting that familial forms are more common than expected.
Strategies for Genotyping in LQTS
One of the most important factors that have prevented genetic analysis of LQTS from entering clinical practice is the assumption that the existence of so many private mutations on several genes mandates systematic screening of entire coding regions. The novel set of information reported herein show the feasibility of an effective alternative strategy that may help bring genotyping closer to routine clinical practice.
Although we identified a wide spectrum of intragenic DNA abnormalities, including missense, deletions, insertions, nonsense mutations, splice errors, and duplications, we observed that 180 (58%) of 310 probands carried mutations on 64 nonprivate codons. These codons cover 31 (3.5%) of 678 of the KCNQ1, 25 (2.2%) of 1160 of the KCNH2, and 8 (0.4%) of 2117 of the SCN5A coding regions. We hypothesized that screening of these codons is a reasonable first step in genotyping patients with LQTS, and we tested this concept in a prospective cohort of 75 probands confirming that in strict analogy with what occurred in our study population, 52% of probands carried mutations in 1 of the 64 codons that we had identified. We further validate our hypothesis in the 2 largest cohorts of genotyped patients reported in the literature. 16, 19 These analyses showed that, even when patients with different geographical and ethnic origin are considered, close to 40% of patients carry mutations in 1 of the most frequently mutated codons that we have identified (TABLE 3) .
We therefore propose that the screening of the 64 codons (Table 2) should be the first step of a multilevel strategy for LQTS genetic analysis (FIGURE 2) . Based on the evidence that in our study 88% of successfully genotyped patients carry mutations in the KCNQ1 and KCNH2 genes, it would seem logical that DNA of patients who test negative for the search for mutations in the 64 codons should be analyzed by assessing the coding regions of KCNQ1 and KCNH2 genes. Only patients who test negative to the first 2 steps, would then move to the last level of this 3-tier approach for LQTS genotyping and their DNA would be screened for mutations on SCN5A, KCNE1, and KCNE2 genes (Figure 2 ). At this stage, further evaluation of T-wave morphology 20 or triggers for cardiac events 10 could provide hints for further optimization of the genotyping process.
It is clear that the more complete the screening process the higher the accuracy of the results of genetic analysis. Considering that multiple mutations may coexist in patients with LQTS (4.5% of probands in this study), the ideal screening should include the evaluation of the entire coding region of each diseaserelated gene in every patient. However, this comprehensive approach may be neither practical nor cost-effective. The 3-tier approach proposed herein may provide an alternative whenever the screening of all genes is not feasible. The choice of the technique used to identify the set of recurrent mutations among the many available will influence the cost of the test. Based on current costs, we estimate that a single tube multiplex polymerase chain reaction amplification and subsequent allele specific oligonucleotide hybridization could provide an entry-level screening at a cost that is less than 1 of 20 of commercially available LQTS genotyping by denaturing highperformance liquid chromatography. A more elaborated approach may allow the development of a chip for the detection of recurrent LQTS mutations that could be used for the screening of a large unselected population, such as the one suitable for preprescription genotyping to withdraw the use of QT prolonging agents in genetically affected LQTS individuals.
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Conclusions
We report the results of systematic genetic screening of 430 probands affected by Romano Ward syndrome with the objectives of defining the yield of genetic analysis in the disease and the relative prevalence of mutations in the LQTS genetic loci. We identified a core of 64 critical codons that harbor mutations in approximately 50% of LQTS probands and therefore propose a novel 3-tier approach to LQTS genotyping that may reduce time and costs required for genetic screening. The novel strategy for LQTS genotyping may facilitate the access to genetic testing to a broader group of individuals, such as patients receiving drugs that block I Kr , a delayedrectifier potassium current, and prolong QT interval; family members of individuals with idiopathic ventricular fibrillation; and depending on results of further investigation, members of the general population to define the prevalence of known genetic variants of LQTS. 
